Abstract: α-Fe2O3 nanoparticle with different morphologies, such as hollow spheres, nanotubes with limited {0001} plane exposed, nanoplates and nanorings with the {0001} plane predominantly exposed, have been synthesised by using NaH2PO4 and urea in a facile hydrothermal method. The mechanism of the morphology evolution from hollow sphere to nanoring has been investigated. It is proposed that the polymerisation of Fe 3+ /H2PO4
Introduction
The contamination of water bodies caused by heavy metals is a serious environmental problem because of their toxicity to many life forms. 1 One of the common hazardous ions is Cr (VI) which usually occurs as highly soluble and toxic chromate anions (HCrO 4 -or Cr 2 O 7 2-), both being suspected carcinogens and mutagens. Various kinds of methods have been carried out for Cr (VI) ion removal such as precipitation, reverse osmosis, solvent extraction and electrolysis, biological treatment, ionexchange processes, and adsorption. 2 Among them, the adsorption technique has advantages of high efficiency, cost effectiveness and environment-friendly. 3 During the past decade, many types of adsorbents have been studied for their Cr(VI) removal effectiveness, including activated carbons, metal oxides, polymeric adsorbents, and even certain types of bio-sorbents. 4 Among them, hematite (α-Fe 2 O 3 ) has attracted a great interest owing to its effective performance, natural abundance, low cost and environmental safety. 5 Some studies have shown that α-Fe 2 O 3 has a good capacity for Cr (VI) adsorption in aqueous solution. Cao et al. prepared flower-like α-Fe 2 O 3 nanostructures that have a high capacity for Cr(VI) adsorption. 6 Han et al. prepared α-Fe 2 O 3 with a porous structure that can rapidly adsorb Cr (VI) ions in wastewater at room temperature. 7 Liu et al. obtained porous α-Fe 2 O 3 nanostructures with different morphologies exhibited excellent Cr(VI) removal capacity and a fast adsorption rate in a wide range of pH. 8 Besides this, the adsorption ability and mechanism on different exposed planes of α-Fe 2 O 3 have been partly calculated. Yin and Ellis revealed H 2 CrO 4 adsorption to α-Fe 2 O 3 {11 ഥ 02} surface plane by strong H-bonding. 9 Huang et al. systematically investigated Cr(VI) on the hematite nanorods, and concluded that Cr(VI) species were adsorbed on the {0001} and {112 ഥ 0} planes in inner-sphere monodentate mononuclear and bidentate binuclear configurations. 10 However, our knowledge of the morphology control of hematite crystals and the mechanism of Cr(VI) adsorption on the different surfaces of α-Fe 2 O 3 is still very limited.
In the present work, with presence of NaH 2 PO 4 and urea, the α-Fe 2 O 3 nanoparticles with different morphologies, such as hollow spheres, nanotubes, nanoplates and nanorings, are successfully synthesised via a facile hydrothermal method. These α-Fe 2 O 3 nanoparticles have good dispersion without using any substrates and show different exposed crystal planes. The microstructural studies of the specimens under different synthetic conditions lead to establishment of a new nonclassical crystal growth route. The ability to remove Cr(VI) using these as-synthesised α-Fe 2 O 3 is examined, and the possible mechanism of adsorption of Cr(VI) on the crystal surface is deduced.
Experimental
All chemicals were in analytical purity, and used without further purification. A typical experiment to prepare α-Fe 2 O 3 is as follows: required amounts of NaH 2 PO 4 and urea were added under stirring to 80 mL aqueous solution of 23 mmol/L of FeCl 3 . The solution was subsequently sealed in a 100 mL autoclave, and maintained at 220 o C for 24 h. The autoclave was then cooled down to room temperature gradually. The red precipitates were collected by centrifugation, and washed with deionised water and ethanol for three times, and finally dried in a desiccator at 60 o C for 12 h. The concentrations of NaH 2 PO 4 and urea used in the synthesis are listed in Table 1 . Powder Xray diffraction (XRD) was performed on a PANalytical Empyrean diffractometer using Cu Kα radiation. The morphology of the samples were observed using scanning electron microscopy (SEM, LEO 1530VP). The microstructures and crystal structures of the particles were investigated using transmission electron microscopy (TEM) and high resolution TEM (HRTEM) on a JEOL JEM-2011FEF microscope. X-ray photoelectron spectroscopy (XPS) analysis was performed on a PHI 5300x multitechnique system with a Mg-Kα X-ray source (Perkin-Elmer Physical Electronics). The nitrogen adsorptiondesorption isotherms were obtained using a JW-BK specific surface area instrument (Beijing, China) and the specific surface areas were calculated using the Brunauer-EmmettTeller (BET) method. Batch adsorption studies were performed by mixing 0.12g of the sample with 50 mL of Cr(VI) solution of various concentrations in a 150 mL conical flask with a shaking speed of 150 rpm. The adsorption experiments were carried out at the room temperature, and were conducted at the initial pH of the Cr(VI) solution without adjustment unless otherwise specified. To study the effect of pH, the pH values of the Cr(VI) solution were adjusted from 3 to 11 using 1.0 mol/L HCl and 1.0 mol/L NaOH solutions. The desorption process of Cr(VI) from the samples took place in 50 ml of 0.01M NaOH to reach Cr(VI) desorption equilibrium in 24 h. The concentrations of Cr(VI) were determined using a GBC-908 Atomic Absorption Spectrometer (GBC Scientific Equipment Pty Ltd.). The removal efficiency (E%) and the equilibrium adsorption capacity (q e , mg/g) were calculated using eqn (1) and (2), respectively:
Where C 0 is the initial concentration of Cr(VI) in the solution (mg/L), C t is the concentration of Cr(VI) at a given time (mg/L), m is the mass of the adsorbent (g), and V is the total volume of the Cr(VI) solution (L).
Results and discussion
Initial characterisation of the samples was by XRD. XRD patterns of all the four samples (S1 to S4 as listed in Table 1 ), shown in Fig. 1 , can be indexed to the hexagonal hematite structure (α-Fe 2 O 3 , JCPDS 33-0664) with unit cell parameters a = 0.5035 nm and c =1.374 nm, indicating a good crystallinity of the samples. In the XRD patterns of samples S3 and S4, a few The particle size and morphology were examined using SEM (Fig. 2) . When the concentration of urea was 0.5 mmol/L without adding H 2 PO 4 -for sample S1, the particle morphology was hollow sphere and the diameter was in a range from 100 to 200 nm (Fig. 2a) . As the concentrations of both H 2 PO 4 -and urea were 1.0 mmol/L, the morphology of the α-Fe 2 O 3 particles in sample S2 was nanotube with the length of about 300 nm and the diameter of about 80 nm (Fig. 2b ). When the concentrations of H 2 PO 4 − and urea were increased to 2.5 mmol/L, the produced α-Fe 2 O 3 particles in sample S3 had a shape of hollow plate with about 150 nm in diameter and 50 nm in thickness.
There is a hole in the face centre of each particle (Fig. 2c ). As the concentrations of H 2 PO 4 − and urea were further increased to 4.0 mmol/L, the morphology of the particles in sample S4 appeared as nanorings ( Fig. 2d ) with the similar radius to the hollow plates in sample S3. But the particles in sample S4 are 
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Please do not adjust margins much thinner than those in sample S3, and the holes in the face centre are bigger. Actually, the hollow plates and nanorings are closely related. The hollow plates must form first and the holes at the face centre are developed later. When the holes become large enough, the particles look like nanorings. Fig. S1 in Electronic Supplementary Information (ESI †) presents low magnification SEM images of these samples, showing the uniformity of the particle morphology and size. The microstructures of these hematite particles were investigated by using HRTEM. Fig. 3 (a) and 3(b) show the spherical particles of sample S1. The light image contrast in the centre indicates their hollow property. Also from the image contrast, the particle seems to be polycrystalline consisting of many nanocrystallites. On the other hand, the corresponding selected area electron diffraction (SAED) pattern in Fig. 3 (b) from the whole particle shows a single crystal like diffraction pattern. A possible explanation is that all the nanocrystallites in the particle are self-orientated. Fig. 3 (c) and (d) are HRTEM images from two selected top and bottom edge areas. The two d-spacings measured from each image are about 0.25 nm with an interplane angle of 60º, which can be indexed to the (112 ഥ 0) and (1 ഥ 21 ഥ 0) planes of the hematite structure. The marked planes in these two HRTEM images are parallel each other, supporting the self-orientated structure. Fig. 4 shows TEM and HRTEM images of particles in sample S2. The mono-dispersed nanotubes have a shape of weaving shuttle with dimensions of 100 to 200 nm in diameter and 300 to 600 nm in length (Fig. 4a) . The wall thickness of about 30 nm is almost uniform, therefore, the inner diameter as well as external diameter at both ends is smaller than that in the middle (Fig. 4b ). This shape with non-uniform diameters is different from commonly seen nanotubes with a uniform diameter, such as carbon nanotubes, anodic TiO 2 nanotubes, 11 and crystalline titanate and niobate nanotubes. 12, 13 On the other hand, the HRTEM images from the wall of the nanotubes Comparing the crystal orientations of the two HRTEM images, we also found that they are well orientated, indicating that the nanotubes can be regarded as porous single crystals. Although determination of crystal orientation along the long axis of the nanotubes is not simple, we are often unable to make sure whether the long axis is perpendicular to the electron beam. 14 For an individual nanotube lying down on the carbon film, it is easy to approach to this position, where the observed orientation along the long axis on the projected image in Fig. 4(b) is parallel to the long axis of the nanotube. This direction can be derived from the marked planes of (011 ഥ 4) and (01 ഥ 12) to be [0001]. Although the nanoplate morphology of the particles in sample S3 is different from the spherical particles in sample S1, the appearance of microstructures of these two samples on the TEM images are very similar. The HRTEM images of the nanoplates (Fig. 5c and 5d ) also show self-orientated aggregation of nanocrystallites, and this orientation extends to the whole particle. The observed d-spacings of 0.25 nm can be indexed to {11 2 ഥ 0} equivalent planes. That means the view direction parallel to the short axis of the nanoplate in Fig. 5(b) is along the [0001] zone axis of the hematite crystal structure. Fig. 6 shows TEM and HRTEM images of nanoring particles in sample S4. The particle size of ~ 150 nm in diameter and ~ 50 nm in thickness (Fig. 6a) is similar to the hollow plates in sample S3, but much smaller than the spheres in sample S1. It is obvious that the rings consist of many nanocrystallites. But these nanocrystallites connected each other and self-orientated to insure a certain mechanical strength. Viewing along the thickness direction, some dspacings of 0.25 nm, corresponding to the {112 ഥ 0} planes, can be observed on the HRTEM images ( Fig. 6c and 6d) . The view direction for the particle in Fig. 6b is along the [0001] zone axis, same as the nanoplates in Fig. 5 .
In order to identify the influence of NaH 2 PO 4 on the morphology formation of hematite crystals, several syntheses with different amounts of NaH 2 PO 4 and zero concentration of urea were performed while keeping other parameters constant (Fig. 7) . Without the addition of NaH 2 PO 4 , relatively large round particles were produced (Fig. 7a) . When 1.0 mmol/L NaH 2 PO 4 was added to the synthetic solution, the produced particles were spindle-like with an average length of 200 nm and a mean diameter of 50 nm (Fig. 7b) . With increasing the concentration of NaH 2 PO 4 to 2.5 mmol/L, the morphology of the particles changed to round disk (Fig. 7c) . When the NaH 2 PO 4 concentration was further increased to 4.0 mmol/L, the disk shape was reproduced, but the thickness of these disks was significantly reduced (Fig. 7d) . As the concentration of shows a peak at binding energy of 133.47 eV for P 2p together with peaks from Fe, O, and C. The above results imply that the particles are composite containing phosphate anions and NaH 2 PO 4 plays a key role in determining the particle morphology. The four morphologies presented in Fig. 7 have a high degree of similarity with the morphologies in Fig. 2 , and can be regarded as templates for the latter. On the other hand, the influence of urea on growth of hollow α-Fe 2 O 3 crystals has been investigated in a similar synthetic system containing FeCl 3 , glucose, and urea. 15 It was found that, even without addition of urea, hollow particles still formed. However, according to the observation in the present work, urea can certainly enhance the formation of hollow particles by gasbubble-assisted effect. 16 XPS was also carried out on some typical nanoring particles (Fig. 8) . The binding energies are corrected for specimen charging by referencing the C 1s line to 284.8 eV. The spectrum reveals that the nanoring surface is mainly composed (Fig. 8a) . However, there is a small peak at 399.47eV for N 1s (Fig. 8b) , indicating that there is a small amount of N on the surface of nanorings corresponding to urea deposition. At the same time, a peak at binding energy of 133.47 eV for P 2p is also observed, which could be attributed to the surface adsorbed phosphate anions (Fig. 8c) . 17 Based on the above experimental results, it can be concluded that the morphology evolution of α-Fe 2 , a large number of primary particles precipitated from the solution. Due to their high surface energy, these primary particles were unstable and tended to aggregate into thermodynamically more stable large spheres. With urea decomposing into carbon dioxide and ammonia, a lot of bubbles were gradually generated and the pH value of the solution increased, promoting the nucleation process of α-Fe 2 O 3 on the particle surface. As a result, sample S1 with hollow spheres was obtained.
In (Fig. 7c) , and the {0001} facets were the main exposed crystal facets. In the reaction system, two kinds of ions (Fe adsorption of Fe 3+ ions was weakened due to the effect of electrostatic attraction. All the special doubly coordinated hydroxyl groups on the {0001} facets did not facilitate the adsorption of H 2 PO 4 -ions. As a result, nanodisks with the exposed {0001} facets were obtained due to a slower growth of the {0001} facets in comparison with the other facets (Fig. 7d) 
This dissolution process mainly occurred on the {0001} facets due to the fact that the {0001} facets had the highest concentration of exposed Fe 3+ ions and the second among the normal low-index facets. 20 thickness of the α-Fe 2 O 3 barrels can be controlled to some extent by adjusting the amount of urea with its gas-bubbleassisted effect. 15, 22 The hollow structure and rough surface can also form with this effect. With the help of this effect, the dissolution process along the [0001] direction could be achieved in 24 h, leading to the holes formation in samples S2-S4. The intensity of the peaks (511) and (600) of Fe 4 (PO 4 ) 3 (OH) 3 obviously increased in the XRD patterns of samples S3 and S4 (Fig. 1) , which could be regarded as another evidence for the dissolution process. The formation routes of the different morphologies of α-Fe 2 O 3 are illustrated in Fig. 9 . Fig. 10 shows the Cr(VI) removal efficiency by 2.4 g/L asprepared α-Fe 2 O 3 with two initial Cr(VI) concentrations (25 mg /L and 50 mg /L). It is observed that the Cr(VI) adsorption can reach to equilibrium within the first half an hour. Therefore, Cr(VI) can easily access to the surface of the well-dispersed α-Fe 2 O 3 nanoparticles. At the concentration of 25 mg /L (Fig.  10a) , the Cr(VI) removal efficiency is up to 97.4% by nanorings in sample S4. The hollow spheres in sample S1 have the lowest removal efficiency (90%). The removal efficiency is decreased when the concentration Cr(VI) increases to 50 mg /L (Fig. 10b) . Although the Cr(VI) removal efficiency by nanorings decreases to 81.2% in the latter case, the adsorption capacity can still reach to 16.9 mg/g, that is higher than other α-Fe 2 O 3 nanoparticles. 5 In comparison with previous reports (Table S1 in ESI †), the nanorings (sample S4) have very high level capacity of the Cr(VI) removal (16.9 mg/g) among the non-porous α-Fe 2 O 3 materials. The difference in Cr(VI) removal efficiency among the four samples prepared in the present work is mainly attributed to the different surface areas and exposed surface planes. Because the adsorption occurs on the particle surface, a higher surface area will have a higher adsorption capacity. The surface areas of these α- The difference is not significant. On the other hand, the Cr(VI) removal efficiency also depends on the type of exposed crystallographic planes. The more the {0001} planes exposed, the high the adsorption capacity. Furthermore, pH value of the solution has also an influence on removal of Cr(VI). In this study, this effect of the four different α-Fe 2 O 3 samples was investigated by changing the initial pH from 3 to 11 and the results are shown in Fig. 11 . The equilibrium adsorption capacities are reduced with pH increased. As the pH value increases to 11, the adsorption capacity is decreased to 14.7 mg/g. This phenomenon can be understood as the low pH value in the solution would leave higher concentration of positively charged hydroxyl groups on the α-Fe 2 O 3 surface, which has a larger power to attract the CrO 4 2-anions. Desorption is another important process reflecting the economical and enhancement values of the adsorption. In this study, the removal efficiencies of the regenerated α-Fe 2 O 3 nanoparticles are shown in Fig. 12 . The results indicate that the adsorption capability decrease gradually in first three cycles and then decrease with increase of cycles at a relatively slower rate. The nanorings in sample S4 has high removal ability without loss of much efficiency after 5 cycles. The results may be related to the higher proportion of outer surface of the nanorings in sample S4 than samples S2 and S3. The regeneration process needs more outer surface area, pore and channel for the desorption of Cr(VI). Nevertheless, all the four samples of α-Fe 2 O 3 can be reused for removal of Cr(VI) and can make the overall process cost effective. From the adsorption results in the systems with different pH values and different morphologies of α-Fe 2 O 3 , the adsorption mechanism may be deduced to be chemical adsorption at the doubly and triply coordinated hydroxyl groups on the α-Fe 2 O 3 surface. Because these two types of hydroxyl groups are in neutral and positive overall charging states, they can adsorb CrO 4 2-ions by electrostatic attraction. Different planes in α-Fe 2 O 3 have different densities of these hydroxyl groups. Among the low index planes, the (0001) plane has the highest density of the doubly coordinated hydroxyl groups (13.7 nm -2 )
in comparison with the (101 ഥ 0) and (112 ഥ 0) planes (2.9 nm -2 , 5.0 nm -2 ). 23 Besides this, the (0001) plane does not have singly 25, 26 Consequently, the adsorption mechanism of Cr(VI) species on α-Fe 2 O 3 studied in the present work can be proposed as depicted in Fig. 13 .
Conclusion:
The α-Fe 2 O 3 nanoparticle with different morphologies, such as hollow spheres, nanotubes, nanoplates and nanorings, were synthesised by using NaH 2 PO 4 and urea via a facile hydrothermal method. These α-Fe 2 O 3 nanoparticles have good dispersion without solid substrates. The adsorption of Cr (VI) results showed that the α-Fe 2 O 3 with nanoring-like morphology has the highest removal efficiency and adsorption capacity. The adsorption mechanism of Cr (VI) onto hematite nanoparticles is chemisorption process through outer surface of doubly and triply coordinated hydroxyl groups.
